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The deregulation of miR-101 and DNMT3a has been implicated in the pathogenesis of multiple tumor types, but whether and how miR-101 silencing and DNMT3a overexpression contribute to lung tumorigenesis remain elusive. Here we show that miR-101 downregulation associates with DNMT3a overexpression in lung cancer cell lines and patient tissues. Ectopic miR-101 expression remarkably abrogated the DNMT3a 3 0 -UTR luciferase activity corresponding to the miR-101 binding site and caused an attenuated expression of endogenous DNMT3a, which led to a reduction of global DNA methylation and the re-expression of tumor suppressor CDH1 via its promoter DNA hypomethylation. Functionally, restoration of miR-101 expression suppressed lung cancer cell clonability and migration, which recapitulated the DNMT3a knockdown effects. Interestingly, miR-101 synergized with decitabine to downregulate DNMT3a and to reduce DNA methylation. Importantly, ectopic miR-101 expression was sufficient to trigger in vivo lung tumor regression and the blockage of metastasis. Consistent with these phenotypes, examination of xenograft tumors disclosed an increase of miR-101, a decrease of DNMT3a and the subsequent DNA demethylation. These findings support that the loss or suppression of miR-101 function accelerates lung tumorigenesis through DNMT3a-dependent DNA methylation, and suggest that miR-101-DNMT3a axis may have therapeutic value in treating refractory lung cancer. Cell Death and Disease (2014) 5, e1413; doi:10.1038/cddis.2014.380; published online 11 September 2014 Owing to a high propensity for recurrence and a high rate of metastasis at the advanced stages, [1] [2] [3] lung cancer remains the leading cause of cancer-related mortality. DNA methylation is a major epigenetic rule controlling chromosomal stability and gene expression. 4, 5 It is under control of DNA methyltransferases (DNMTs), whose overexpression in lung cancer cells predicts worse outcomes. 6, 7 It is postulated that DNMT overexpression induces DNA hypermethylation and silencing of tumor suppressor genes (TSGs), leading to an aggressive lung cancer. Indeed, enforced expression of DNMT1 or DNMT3a increases DNA methylation, while the abolition of DNMT expression by genetic depletion, microRNAs (miRs) or small molecules reduces genome-wide and gene-specific DNA methylation and restores TSG expression. [8] [9] [10] [11] [12] [13] As TSGs are the master controllers for cell multiplicity and their silencing predicts poor prognosis, 14, 15 TSG re-expression via promoter DNA hypomethylation inhibits cell proliferation and induces cell differentiation. 13, 16 Thus, DNMT gene abundance could serve as a target for anticancer therapy, but how DNMT upregulation occurs in lung cancer is incompletely understood.
MiRs are small non-coding RNAs that crucially regulate target gene expression. Up to 30% of all protein-coding genes are predicted to be targeted by miRs, 17, 18 supporting the key roles of miRs in controlling cell fate. [19] [20] [21] [22] Research is showing that certain miRs are frequently dysregulated in cancers, including lung cancer. 7, 23, 24 As miR targets can promote or inhibit cancer cell expansion, miRs have huge potential for acting as bona fide oncogenes (i.e., miR-21) or TSGs (i.e., miR-29b). 7, 25 We and others demonstrated that the levels of DNMT1 or DNMT3a or DNMT3b are regulated by miR-29b, miR-148, miR-152 or miR-30c, 7, 13, 26, 27 and overexpression of these miRs results in DNA hypomethylation and TSG reactivation with the concurrent blockage of cancer cell proliferation. 7, 13 These findings underscore the importance of miRs as epigenetic modulators and highlight their therapeutic applications.
MiR-101 is frequently silenced in human cancers [28] [29] [30] [31] and, importantly, exhibits antitumorigenic properties when overexpressed. Mechanistically, miR-101 inactivation by genomic loss causes the overexpression of EZH2, a histone methyltransferase, via 3 0 -UTR targeting, which is followed by histone hypermethylation and aggressive tumorigenesis. 29, 30, 32 However, whether and how miR-101 silencing contributes to DNA hypermethylation patterning in lung cancer is unclear. In this study, we explore the role of miR-101 in regulating DNMT3a expression and the impacts of miR-101-DNMT3a nexus on lung cancer pathogenesis. We showed that the expression of miR-101 and DNMT3a was negatively correlated in lung cancer. We presented evidence that ectopic miR-101 expression decreased DNMT3a levels, reduced global DNA methylation and upregulated CDH1 via its promoter DNA demethylation. The biological significance of miR-101-mediated DNA hypomethylation and CDH1 re-expression was evident by its inhibition of lung tumor cell growth in vitro and in vivo. Thus, our findings mechanistically and functionally link miR-101 silencing to DNA hypermethylation in lung cancer cells.
Results
MiR-101 levels are inversely correlated with DNMT3a expression in lung cancer. Although miR-101 deregulation and DNMT3a overexpression are implicated in the pathogenesis of multiple tumor types, whether and how these aberrations cooperatively promote lung tumorigenesis are unclear. Using quantitative PCR (qPCR), we initially evaluated the expression of miR-101 and DNMT3a in fresh-frozen matched non-small cell lung cancer (NSCLC; non-smoker) and adjacent non-tumor lung tissues (n ¼ 30), and found that DNMT3a expression was 2.9±0.8 folds higher (P ¼ 0.032) in tumors than in normal tissues (Figure 1a, left) . In contrast, miR-101 was primarily expressed in normal tissues with a 46% reduction in tumors (P ¼ 0.044) (Figure 1a, right) . We then assessed DNMT3a and miR-101 expression by qPCR in eight NSCLC and two SCLC cell lines. Consistent with the results from fresh-frozen tissues, DNMT3a levels were highly elevated, whereas miR-101 expression was significantly downregulated, in lung cancer cells, when compared with normal lung fibroblasts MRC-5 ( Figure 1b) . We further examined miR-101 and DNMT3a expression in human NSCLC tissue microarrays (TMAs) using immunohistochemistry (IHC). The stained TMAs were quantified using the modified Histoscores (H-scores), and the representative images of no staining (H-score, 0), weak staining (H-score, 0-100), moderate staining (H-score, 100-200) and strong staining (H-score, 200-300) of DNMT3a and miR-101 were shown in Figure 1c . These experiments (Figure 1d ). These findings demonstrate that DNMT3a is overexpressed, whereas miR-101 is downregulated, in lung cancer cells.
To address whether DNMT3a and miR-101 have potential in-parallel relationship, we analyzed DNMT3a and miR-101 expression using Pearson correlation coefficient and found that DNMT3a upregulation was accompanied by miR-101 downregulation, whereas lower DNMT3a was seen in patients carrying higher miR-101 in fresh-frozen patient tissues (Figures 1e, P Figure 1) . Thus, DNMT3a overexpression and miR-101 silencing in lung cancer cells may cooperatively modulate lung tumorigenesis.
MiR-101 represses DNMT3a by direct targeting its 3 0 -UTR. Given the negative roles of miRs in regulating their targets and the inverse correlation of miR-101 and DNMT3a in lung cancer, we posited that miR-101 deregulation may be, at least partially, responsible for abnormal DNMT3a expression. To this end, miR-101 or scramble was introduced into human NSCLC H1975 or H1299, or mouse Lewis lung carcinoma (LLC) cells. qPCR revealed miR-101 upregulation in cells transfected with miR-101, including 5.8 ± 0.6 folds (Po0.01) in H1975, 7.4±0.9 folds (Po0.01) in H1299 and 4.1 ± 0.5 folds (Po0.01) in LLC (Figure 2a) , with a significant decrease of DNMT3a mRNA expression by 77 ± 8% (Po0.01) in H1975, 85±9% (Po0.01) in H1299 and 64±7% (Po0.05) in LLC cells (Figure 2b ). Western blotting identified a significant reduction of DNMT3a protein levels in miR-101-expressing cells (Figure 2c) . Further, EZH2, a known miR-101 target, 29 was used as a positive control. Consistent with the previous report, 33 enforced miR-101 expression greatly diminished EZH2 protein expression (Figure 2c) . Thus, DNMT3a overexpression in lung cancer cells may result from the loss or suppression of miR-101.
To determine whether miR-101 suppresses DNMT3a through a process triggered by the interactions between miR-101 and DNMT3a 3 0 -UTR, by using miR target prediction algorithm TargetScan, we identified a sequence that matches to the miR-101 seed on DNMT3a 3 0 -UTR (Figure 2d ). We then obtained a reporter plasmid containing firefly luciferase fused with DNMT3a 3 0 -UTR sequence of miR-101 binding site and cotransfected the reporter plasmid with miR-101 or scramble in H1975 or H1299 cells for 48 h. As shown in Figure 2e , ectopic miR-101 expression caused a remarkable decrease of luciferase activity driven by DNMT3a 3 0 -UTR in H1975 (72±7%, Po0.05) or H1299 (81±9%, Po0.01) cells. When H1975 or H1299 cells were transfected with miR-101 or scramble, the cells were collected at different time points.
As shown in Supplementary Figures 2a and b , in a timedependent manner, miR-101 was upregulated, but DNMT3a was decreased in miR-101-transfected cells. In contrast, no obvious changes of DNMT1 and DNMT3a expression were seen in the presence of miR-101 ( Supplementary Figures 2c  and d) , supporting the observation that no putative miR-101 binding sites were identified in DNMT1 or DNMT3b 3 0 -UTR (not shown). These data suggest that DNMT3a is a direct target of miR-101 in lung cancer cells.
Enforced miR-101 expression reduces global DNA methylation and restores CDH1 expression via promoter DNA hypomethylation. To address whether miR-101 deregulation affects DNA methylation status in lung cancer cells, the genomic DNA was extracted from miR-101-expressing cells and subjected to Dotblot using 5-methylcytosine (5mC) antibody. 34 We first used the serial dilution of standard unmethylated (C) or methylated (5mC) and demonstrated that Dotblot is sufficient to detect the small change of 5mC content in genomic DNA (not shown). The equal DNA loading was also confirmed by methylene blue staining. As shown in Figures 3a and b, the representative images of Dotblot indicated a significant reduction of global DNA methylation, which was verified by the quantification of dot intensities in miR-101-transfected H1975 (46±6%, Po0.05), H1299 (64±7%, Po0.05) or LLC (56±7%, Po0.05) cells.
Cadherin 1 (CDH1) is a cell-cell adhesion molecule and functions as a metastasis suppressor in lung cancer. 35 It is epigenetically silenced 36 and its downregulation associates with poor prognosis in NSCLC. 37, 38 As miR-101 regulates DNMT3a-dependent DNA methylation, we proposed that miR-101 downregulation might mediate CDH1 silencing via promoter DNA hypermethylation. In fact, qPCR disclosed a remarkable increase of CDH1 in miR-101-expressing H1975 (3.6 ± 0.4 folds, Po0.05), H1299 (3.4 ± 0.6 folds, Po0.05) or LLC (4.7 ± 0.6 folds, Po0.01) cells, when compared with scramble ( Figure 3c ). To dissect the underlying mechanisms, we analyzed CDH1 promoter methylation status using bisulfite sequencing in transfected H1975 cells, and found that a greater than 15% change (97% in scramble versus 81% in miR-101) from hyper-to un-methylated was observed in CDH1 promoter (Figure 3d ). Thus, miR-101 silencing contributes to the global and gene-specific DNA methylation in lung cancer cells.
DNMT3a expression positively modulates DNA methylation profile. To further demonstrate that miR-101 regulates DNA methylation through DNMT3a, H1975 or H1299 cells were transfected with DNMT3a expression vector or small interfering RNA (siRNA) or their corresponding control, and the effects of DNMT3a manipulation was assessed at 48 h post transfection. As expected, DNMT3a was significantly upregulated at both RNA and protein levels in the presence of DNMT3a expression vector (Figure 4a ). By contrast, DNMT3a expression was greatly decreased after siRNA transfection ( Figure 4b ). Dotblot unveiled a remarkable increase of global DNA methylation in DNMT3a-overexpressing cells (Figure 4c ), while a significant reduction of global DNA methylation after DNMT3a depletion (Figure 4d ).
Functional assays disclosed that DNMT3a overexpression increased lung cancer cell migration in H1975 (912 ± 65 versus 297 ± 54 mm, Po0.05) or H1299 (955 ± 32 versus 366±76 mm, Po0.05) (Figure 4e ), whereas DNMT3a abrogation suppressed lung cancer cell mobility (927±56 versus 315 ± 31 mm, Po0.05 in H1975 and 936 ± 33 versus 365±57 mm, Po0.05 in H1299) (Figure 4f ), providing a possible explanation for why DNMT3a overexpression independently predicts poor prognosis in lung cancer. Thus, we conclude that miR-101 indirectly modulates DNA methylation program through DNMT3a regulation in lung cancer cells.
MiR-101 upregulation impairs expansion and migration of lung cancer cells in vitro. Given that CDH1 silencing triggers cell proliferation, we speculated that miR-101-rescued CDH1 expression could inhibit lung cancer cell growth.
To demonstrate this, H1975 or H1299 or LLC cells were transfected with miR-101 or scramble; at 6 h post transfection when the cells did not undergo apoptosis, B1000 cells were subjected to colony-forming assays. As shown in Figures 5a and b, miR-101 overexpression greatly decreased colony number as compared with scramble, in H1975 (54 ± 7 versus 153±17, Po0.01), H1299 (96±14 versus 269±36, Po0.01) or LLC (42±6 versus 126±14, Po0.01).
To address whether miR-101 expression can suppress lung cancer cell migration, we applied wound-healing assays to the above transfected cells. When these cells became subconfluent, a 'wound gap' in a cell monolayer was manually generated by scratch, followed by monitoring the 'healing' of wound. On the basis of cell proliferation rates, the bright-field images of the gaps were taken at 24 or 48 h after the gaps were created. As shown in Figures 0 -UTR. Luciferase activity was measured at 48 h after transfection, and the relative ratio of the activity in the miR-101 group to that in the control scramble group is presented as the mean±S.D. from three independent experiments, *Po0.05, **Po0.01 In addition, as caspase-3 activation appears at the early stage of cell apoptosis, we analyzed the effect of miR-101 on caspase cleavage and found that ectopic miR-101 expression significantly increased the expression of caspase-3 active form (Figure 5e ), consistent with the reported role of miR-101 in cell apoptosis. 39 Notably, when H1975 and H1299 cells were transfected with miR-101 for 24 h that was followed by transfection with DNMT3a expression vectors for another 24 h, the inhibitory effects of miR-101 on lung cancer cell Figure 3d) . Thus, miR-101 suppresses lung cancer growth through DNMT3a ablation.
An increase of miR-101 leads to less tumor growth in xenograft models. To address whether miR-101 upregulation blocks lung tumor growth in vivo, LLC cells, which are syngeneic to C57BL/6 with lung metastatic potential, 40 were transfected with miR-101 or scramble. At 6 h after transfection, B0.5 Â 10 6 cells were subcutaneously injected into the right flank of C57BL/6 (n ¼ 6). The tumors were measured in every 4 days after injection and all mice were killed at day 28 after engraftment (Figure 6a ). Although the life of miR oligos is relatively short, miR-mediated inhibition of tumorigenesis has been demonstrated. 7, 41 Indeed, although tumor incidence was similar for both miR-101 and scramble (6/6, 100%), we observed that the tumor latency was different, with tumor detectable at 4 days in scramble, but at 8 days in miR-101 group after injection (Figure 6b ). Tumor volume increased proportionally between both groups over 28 days, but tumors in scramble group grew faster with larger final tumor volume than that in miR-101 group. Further, the mice engrafted with miR-101-transfected cells had much lower tumor weight compared with that of scramble (551 ± 93 versus 106 ± 72 mg, Po0.01) (Figures 6c-e) . Hematoxylin and eosin (H&E) staining of tumor sections showed that miR-101 expression remarkably impaired the tumor formation (Figure 6f) . In response to miR-101 overexpression, IHCstained tumors revealed significant difference in proliferative indices when Ki67 was used as a cellular proliferation marker (Figure 6g) . By qPCR and Dotblot, significant reduction of DNMT3a expression (62 ± 8%, Po0.05) and global DNA methylation (64±11%, Po0.05) were demonstrated between miR-101 and scramble groups (Figures 6h and i) . Notably, miR-101 upregulation was verified in tumors from miR-101-transfected cells (Figure 6j ). These results suggest that miR-101 re-expression promotes tumor regression via its DNA hypomethylating effects. Ectopic miR-101 expression inhibits LLC lung metastatic growth in mouse xenografts. Given that miR-101 overexpression suppresses cell motility in vitro (see Figures 5c and d) , we hypothesized that in response to miR-101, lung cancer cell metastasis in vivo could be suppressed. To test this, LLC cells were transfected with miR-101 or scramble, and B0.1 Â 10 6 cells were injected through tail vein into C57BL/6 mice. The mice were killed for dissection 18 days after cell inoculation (Figure 7a ). We found that the body weight of mice inoculated with scramble cells was decreased, whereas it was slightly increased in mice engrafted with miR-101-expressing cells, an indicator of poorer prognosis in scramble than in miR-101 group (Figure 7b ). Significantly higher tumor incidence (97.5% versus 44%, Po0.05) was also observed in the lungs from scramble cells when compared with that in miR-101 cells (Figures 7c and d) . Further, the metastatic foci were obviously visible on the surface of lungs collected from mice inoculated with scramble cells (8.6 ± 3.3 versus 0.7 ± 1.1, Po0.01) (Figure 7e ). H&E-stained lung tissues showed that compared with the number of pulmonary metastatic nodules found in mice injected with scramble cells, the mice injected with miR-101-expressing cells displayed fewer nodules and smaller lesion areas in the lung (Figure 7f ), together, suggesting that miR-101-expressing cells have a weaker capability to metastasize into lungs. Of note, these observed anti-metastatic effects could be attributed to intrinsic difference in cell proliferation rates and migration ability, as miR-101-expressing cells exhibited a significant growth disadvantage in colony formation and much less ability in wound healing.
MiR-101 overexpression sensitizes lung cancer cells to decitabine treatment. Although DNMTs exhibit distinctive functions with DNA methylation maintenance of DNMT1 and de novo DNA methylation of DNMT3a or DNMT3b, it is widely accepted that DNA methylation is cooperatively controlled by all of them. 9, 42 Given that decitabine specifically targets DNMT1, but not DNMT3a and DNMT3b, the repression of DNMT3a by miR-101 led to a hypothesis that there is a synergistic potential between decitabine and miR-101. To confirm this, we transfected H1975 or H1299 cells with miR-101 or scramble for 12 h, and the transfected cells were treated with 1 mM decitabine. Wound-healing assays showed that the cells treated with both miR-101 and decitabine had the least ability to migrate toward the 'scratch' area, when compared with the single agent (Figures 8a and b) . qPCR uncovered a synergistic downregulation of DNMT3a ( Figure 8c ) and DNMT1 (Figure 8d) , and a synergistic upregulation of CDH1 (Figure 8e) . Further, Dotblot demonstrated that the global DNA methylation was synergistically decreased (Figures 8f and g ). These results suggest that lung cancer patients with DNMT1 and DNMT3a overexpression may be benefited from the combination of decitabine with miR-101.
Discussion
Despite the impressive progress made in lung cancer diagnosis and therapy, the dismal 5-year survival rate for lung cancer patients has not substantially changed. Thus, the molecular characterization of lung tumorigenesis and the identification of biomarkers for the selection of patients for targeted therapy could improve such dismal outcomes.
Although DNMT3a overexpression and miR-101 silencing occur in lung cancer, 7, 8, 12, 14, 30 the pathological contributions and the molecular links of these aberrations remain elusive. In this report, we identified DNMT3a as a bona fide target of miR-101 in lung cancer. We demonstrated that miR-101 restoration reduces DNMT3a expression, resulting in the global and gene-specific DNA hypomethylation. We proved that the functional interactions between miR-101 and DNA methylation determine lung cancer cell fate in vitro and in vivo via CDH1 re-expression. Although previous investigations have established the molecular linkage between miR-101 deregulation and EZH2-dependent histone modifications, 29, 30, 32 our findings connect the miR-101 silencing to DNA hypermethylation, another major epigenetic code, in lung cancer cells and highlight miR-101-DNMT3a axis as a new molecular pathway for targeted therapy.
MiRs are the endogenous inhibitors of target gene expression and key regulators of most cellular processes, including cell growth and differentiation. 21, 22 The miR expression patterns are found to be associated with the cancer types and stages, thereby being explored as biomarkers for cancer diagnosis and prognosis. 7, [43] [44] [45] [46] [47] [48] Specifically, miR-101 is downregulated in multiple tumor types, [28] [29] [30] [31] 33 and miR-101 overexpression impairs tumor cell expansion. 29, 33, 49 In agreement with this, our data show that DNMT3a levels were highly elevated, while miR-101 expression was greatly reduced in human lung cancer patients and cell lines. Human and mouse lung cancer cells expressing miR-101 had a decrease of DNMT3a expression and displayed suppressed cell proliferation in vitro. When these miR-101-expressing cells were inoculated into mice, the tumor growth was remarkably attenuated and the metastasis to lung was significantly impaired, thus demonstrating the crucial contribution of miR-101 deregulation to lung cancer pathogenesis.
Although multiple pathways, including Wnt/b-catenin 28 and metastasis suppressor RKIP, 50 likely mediates the antitumor activity of miR-101, the most important molecule could be EZH2, 29, 33 ,49,51 a histone-lysine N-methyltransferase that is heavily involved in cancer progression. 52, 53 It is postulated that miR-101 silencing in cancers causes EZH2 overexpression that is followed by TSG inactivation through histone methylation. However, these findings are insufficient to explain why DNMTs are upregulated and the DNA methylation, including TSG promoter methylation, is increased in lung cancer. To this end, we employed qPCR for fresh-frozen tissues and cell lines, IHC staining for human lung cancer TMAs, to assess the expression of DNMT3a and miR-101. These investigations revealed that miR-101 levels were negatively correlated with DNMT3a expression, suggesting that DNMT3a and miR-101 have functional and regulatory interactions in lung tumorigenesis. In fact, our results proved that DNMT3a was a bona fide target gene of miR-101 in lung cancer cells, as miR-101 bound to DNMT3a 3 0 -UTR and inhibited the luciferase activity driven by DNMT3a 3 0 -UTR. When miR-101 was introduced into H1975 or H1299, or LLC cells, the endogenous DNMT3a expression was decreased, leading to the upregulation of CDH1 and the reduction of both global and CDH1-specific DNA methylation. These findings add a new layer to the complexity of mechanisms by which miR-101 silencing promotes lung cancer pathogenesis, and establish a role for miR-101 in regulating DNA methylation in lung cancer cells. Although it requires further demonstration, we cannot exclude the possibility that miR-101 modulates DNA methylation indirectly through EZH2, as EZH2 has been shown to physically interact with all three DNMT isoforms. 54 Given the negative role of miR-101 in EZH2 expression, miR-101 loss could enhance the physical interactions between EZH2 and DNMTs, thus facilitating DNMT binding to CpG-enriched DNA regions (i.e., EZH2-target gene promoters) followed by DNA hypermethylation and TSG suppression. Regardless, our findings suggest that miR-101 inactivation enhances DNA methylation through direct suppression of DNMT3a in lung cancer cells.
Although we show that DNMT3a is a direct target of miR-101, DNMT3a is also a target of other miRs, including miR-29b and miR-30c, which are downregulated in lung cancer. 7, 55 Thus, it is possible that DNMT3a-dependent DNA methylation is modulated by the cooperation of these or even other unidentified miRs, but is not the consequence of one single miR, such as miR-29b or miR-101. This could explain why overexpression of one miR, such as miR-101, induces only partial release of global and CDH1 promoter DNA methylation in lung cancer cells. Taken together, our results offer a first glimpse of a mechanistic and functional link between miR-101 dysregulation and aberrant DNA methylation in lung cancer and provide an innovative explanation for why miR-101 silencing and DNMT3a overexpression predict poor prognosis in lung cancer patients. 0 -UTR luciferase plasmid plus miR-101 or its scramble. pRL-TK Renilla luciferase plasmid (Promega, Madison, WI, USA) was co-transfected for internal control. Firefly luciferase activity was measured 48 h after transfection by using a dual luciferase reporter assay system (Promega), according to the manufacturer's instruction. Values were corrected to account for differences in transfection efficiency by pRL-TK Renilla luciferase activity. All luciferase data represent the average of three independent experiments.
Colony-forming assays. After transfection, about 1000 cells were subjected to the methylcellulose colony formation assays in triplicate using human methylcellulose media (R&D Systems, Minneapolis, MN, USA), according to the manufacturer's instructions. Colonies were scored in 10 to14 days.
Wound-healing assays. Lung cancer cells were transfected as indicated and grown to sub-confluence. The linear wound of cellular monolayer was created by scratching the sub-confluent cell monolayer using a plastic pipette tip (200 ml). Scratched cell monolayer was washed by PBS to remove debris. After incubation at 37 1C for 24 h, the migration of the cells towards the wound was photographed under light microscope. CorelDRAWX5 Software (Corel Corporation, Ottawa, ON, Canada) was used to determine the migration distance.
Hematoxylin and eosin and immunohistochemistry. Tumors and tissues collected from our animal studies were fixed in 10% neutral buffered formalin. The paraffin-embedded samples were cut to 5 mm thickness and stained with H&E. For IHC staining, slides were heated in a dry oven at 60 1C for 30 min, deparaffinized in Histo-Clear for 10 min, rehydrated through graded ethanol and rinsed in deionized water. All section slides were then microwaved in 10 mM citric acid buffer (pH 6.0) at 70% power for 10 min to unmask antigens. Endogenous peroxidase was quenched using 3% hydrogen peroxide for 20 min followed by rinsing with PBS. Nonspecific binding was blocked with 10% goat serum for 1 h, then with avidin and biotin (Vector Laboratories, Burlingame, CA, USA) for 15 min each. Primary antibodies against DNMT3a (1 : 500, Santa Cruz Biotechnology, Santa Cruz, CA, USA) or Ki-67 (1 : 500, Abcam, Cambridge, MA) were incubated at 4 1C overnight. For the detection of primary antibodies, the Vectastain Elite ABC-peroxidase Rabbit IgG Kit (Vector Laboratories) was used. Samples were developed with 3, 3 0 -diaminobenzidine (Vector Laboratories), counterstained with hematoxylin and mounted. For the quantification of IHC staining, the modified H-score was used and defined as follows: no staining, no appreciable staining in normal or tumor cells; weak staining, barely detectable staining in cytoplasm and/or nucleus; moderate staining, readily appreciable brown staining distinctly marking the tumor cell cytoplasm and/or nucleus; strong staining, dark brown staining of cytoplasm and/or nucleus. The H-score was obtained using the following formula: H-score ¼ (% cells no staining Â 0) þ (% cells weak staining Â 1) þ (% cells moderate staining Â 2) þ (% cells strong staining Â 3). The resulting scores range from 0 (100% negative cells) to 300 (100% strong staining).
In situ hybridization. In situ hybridization (ISH) for miR-101 staining was performed on lung cancer TMA slides using miRCURY LNA microRNA ISH Optimization Kit (EXIQON, Woburn, MA, USA) according to the instruction manual v2.0. Briefly, slides were deparaffinized in xylene and ethanol, then incubated with proteinase-K at 37 1C for 10 min. After dehydration in graded ethanol, slides were hybridized with digoxigenin anti-sense miR-101 probe at 51 1C overnight, followed by stringent washing in 5, 1 and 0.2 Â SSC buffer. The sections were incubated with anti-digoxigenin-AP antibody (Roche Diagnostics, Indianapolis, IN, USA) at room temperature for 1 h and developed with nitroblue tetrazolium and bromochloroindolyl phosphate (Roche Diagnostics). Stained slides were viewed and photographed with a Leica microscope mounted with a high-resolution spot camera, which is interfaced with a computer loaded with Image-Pro Plus software (Media Cybernetics, Inc., Rockville, MD, USA).
Western blotting. After the various treatments, the cells were collected into 1 Â cell lysis buffer 41 and the western blotting was performed with whole-cell lysates as previously described. 41 Equivalent gel loading was confirmed by probing with b-actin antibody. The antibodies used were: b-actin (1 : 1000) and DNMT3a (1 : 1000) (Santa Cruz Biotechnology); EZH2 (1 : 500) and cleaved caspase-3 (1 : 500) (Cell Signaling Technology, Danvers, MA, USA).
Dotblot. The genomic DNA was purified using DNA Blood/tissue Kit (Qiagen, Gaithersburg, MD, USA) and the concentrations were accurately determined by NanoDrop. Equal amount of DNA (B1-2 mg) from all samples was denatured in 1 Â buffer (0.4 M NaOH, 10 mM EDTA) at 100 1C and mixed with an equal volume of cold 2 M ammonium acetate. After the membrane was rehydrated with 500 ml Tris-EDTA or H 2 O, the denatured DNA in a 50-500 ml solution was loaded onto the membrane. Next, the membrane was washed by 2 Â SSC buffer, baked at 80 1C for 2 h and blocked with 5% non-fat milk for 1 h. The DNA spotted membrane was incubated with mouse anti-5mC antibody (1 : 2500, Active Motif, Carlsbad, CA, USA) and the signal was detected by HRP-conjugated secondary antibody and enhanced chemiluminescence. After development, the membrane was hybridized with 0.02% methylene blue (Sigma-Aldrich, St. Louis, MO, USA) in 0.5 M sodium acetate (pH 5.0) to stain DNA as a loading control. The Dotblot was quantified by NIH Image J Software (Bethesda, MD, USA).
Bisulfite sequencing analysis. Approximately 2 mg of genomic DNA was modified with sodium bisulfite using an EpiTect Bisulfite Kit (Qiagen). The human CDH1 promoter region (transcription start site À 251 to þ 139) was amplified by PCR using the bisulfite-treated DNA as template. Primer sequences are:
forward: 5 0 -TTTTTTTTGATTTTAGGTTTTAGTGAG-3 0 , reverse: 5 0 -ACTCCAAAAACCCATAACTAACC-3 0 . PCR products were subcloned and then sequenced.
RNA isolation, cDNA preparation and qPCR. RNA was isolated using miRNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. Reverse transcription for obtaining cDNA was performed by using SuperScript III FirstStrand Synthesis System (Invitrogen, Grand Island, NY, USA) according to the manufacturer's instructions. For the expression of DNMT3a and miR-101 in cell lines and fresh-frozen patient tissues, real-time qPCR was carried out by TaqMan technology (Applied Biosystems, Foster City, CA, USA). The expression of CDH1 gene was measured by SYBR Green Quantitative PCR (SYBR Green PCR Master Mix and SYBR Green RT-PCR Reagents Kit, Life Technologies). The expression of miR-101 was normalized by U44/48 (for human) or Sno202 (for mouse) levels, and the expression of DNMT3a and CDH1 were normalized by the levels of 18S. The sequences for the primers are as follows:
human CDH1: forward 5 0 -AGAACGCATTGCCACATACAC-3 0 , human CDH1: reverse 5 0 -GAGGATGGTGTAAGCGATGG-3 0 ;
